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Microbes are the foundation of marine ecosystems [Falkowski PG,
Fenchel T, Delong EF (2008) Science 320(5879):1034–1039]. Until
now, the analytical framework for understanding the implications
of ocean warming on microbes has not considered thermal expo-
sure during transport in dynamic seascapes, implying that our cur-
rent view of change for these critical organisms may be inaccurate.
Here we show that upper-ocean microbes experience along-trajec-
tory temperature variability up to 10 °C greater than seasonal
fluctuations estimated in a static frame, and that this variability
depends strongly on location. These findings demonstrate that
drift in ocean currents can increase the thermal exposure of mi-
crobes and suggests that microbial populations with broad ther-
mal tolerance will survive transport to distant regions of the ocean
and invade new habitats. Our findings also suggest that advection
has the capacity to influence microbial community assemblies,
such that regions with strong currents and large thermal fluctua-
tions select for communities with greatest plasticity and evolvabil-
ity, and communities with narrow thermal performance are found
where ocean currents are weak or along-trajectory temperature
variation is low. Given that fluctuating environments select for
individual plasticity in microbial lineages, and that physiological
plasticity of ancestors can predict the magnitude of evolutionary
responses of subsequent generations to environmental change
[Schaum CE, Collins S (2014) Proc Biol Soc 281(1793):20141486],
our findings suggest that microbial populations in the sub-Antarc-
tic (∼40°S), North Pacific, and North Atlantic will have the most
capacity to adapt to contemporary ocean warming.
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Photosynthetic marine microbes, otherwise known as phyto-plankton, underpin all of the production-based ocean eco-
system services, and impact on human health and well-being
through their regulation of climate (1), formation of harmful
algal blooms (2), and support of biodiversity at multiple dimen-
sions and trophic levels (3). Heterotrophic microbes, including
bacteria, Archaea, and eukaryotes, are also critical for ocean
functioning, being the dominant remineralizers of organic matter
and key players in the Earth’s biogeochemical cycles (1, 4).
Depending on the CO2 emissions scenario, the surface ocean is
predicted to warm 2–4 °C on average by 2100 (5). Because mi-
crobes demonstrate a steep decline in growth at temperatures
exceeding their optimum (6–10), such warming has the potential
to affect the distribution and diversity of marine microbes through
exceedance of thermal limits and changes in fitness, with cascading
impacts to ecosystem services (11, 12).
However, by virtue of their large population sizes, relatively
rapid reproduction, and high diversity, microbes have consider-
able potential to mitigate negative consequences of past and
present ocean change through phenotypic plasticity (acclimation)
and adaptive evolution (genetic change). Until now, our under-
standing of how microbial communities will be reorganized under
contemporary ocean change has developed from empirical studies
involving examination of the current geographic distribution of
microbial taxa and their relationships with temperature and
other environmental parameters (8, 10, 13), laboratory investi-
gations that measure performance of microbial ecotypes (thought
to be representative of populations) under different conditions (6,
7, 9, 14), and modeling studies that use microbial traits describing
resource (e.g., nutrients, light) utilization to estimate fitness and
predict future distributions of microbes under projected ocean
change (15–17). The limitation of these studies is that microbial
traits are assumed to be constant during model runs, so the
microbes themselves are not responding to changes in their
environment (18). However, there is increasing evidence that
photosynthetic microbes are altering their realized niches in re-
sponse to contemporary changes in ocean temperature and irra-
diance (19), and that the geographic origin of microbial ecotypes
influences their plasticity (capacity for physiological acclimation)
(9, 20)—as well as adaptation (21)—at the population level (po-
tentially via increased rate of mitotic mutations) (22), with some
ecotypes tolerant of a broad range of temperature and others
more thermally specialized (7). Microbes generally experience the
ocean as a viscous medium (23), and their motion is therefore
predominantly determined by drift with ocean currents (noting
that some taxa are motile or regulate their buoyancy) (24). As a
result, their habitat temperatures are highly dynamic and cannot
be described assuming a fixed location. This means there currently
is no clear global estimate of the thermal history of marine mi-
crobes, making it difficult to understand their realized thermal
niche and relate this to their performance under controlled (typ-
ically stable) experimental conditions, let alone predict the impact
of a 2–4 °C projected rise in mean ocean temperature.
Significance
Our current understanding of how marine biota are adapted to
magnitudes, trends, and temporal patterns of variability in sea-
surface temperature has arisen from examining long-term re-
cords at key ocean locations. However, floating plankton have
a different perception of their habitat because they drift in
ocean currents. Here we show that upper ocean microbes can
be advected up to 3,500 km in latitude in 500 d, and that their
operational temperatures exceed the in situ Eulerian temper-
ature range by up to 10 °C, even in locations with strong
seasonality. This result revises the present view of thermal ex-
posure in the upper ocean, and provides a new framework for
investigating climate change impacts on planktonic organisms.
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Thus, to advance our understanding of marine microbial ac-
climation and adaptation, and to determine which microbes can
keep pace with rates of contemporary ocean change, a spatially
explicit understanding of temperature exposure from the per-
spective of the moving organism is critical (25). This requires
examining the temperature experienced by marine microbes in a
Lagrangian (drift) framework.
Results
We used a global 3D circulation model OFES (Ocean model for
the Earth Simulator) with a 1/10o horizontal resolution to
characterize the intergenerational temperature exposure of up-
per ocean microbes. This model has previously been used to
study neutral evolution of bacteria (26) and drift of foraminifera
(27). Virtual microbes were released across the global ocean on a
2° × 2° grid at a depth of 10 m every month for the years 1981–
2007, for a total of 2.9 million particles (360 particles per grid
cell). Their position in the ocean was tracked (backward in time)
for 500 d before their arrival at their destination grid, and their
thermal histories were averaged for analysis, using the well-
established and open-source Connectivity Modeling System (28).
This software has been extensively validated [e.g., in “physical
oceanography mode” the amount of water carried by particles
through the Indonesian Throughflow very closely resembles the
Eulerian flux through the straits (29)] and is widely used in both
physical oceanography and marine ecology and biology studies
(30–32). We compared the magnitude of virtual particle veloci-
ties, based on the trajectories at each grid cell, with observed
drifters in the ocean (33). Comparing our trajectories and that of
actual drifters, we find good agreement, both in the magnitude of
speeds as well as their locations (i.e., low velocities in the middle
of the gyres as well as high velocities in the western boundary
currents) (Fig. S1). A random selection of trajectories is illus-
trated in Fig. S2.
Our rationale for backtracking to 500 d is that the adaptation
capacity of microbes to future ocean conditions has been ex-
amined in vitro for up to 500 generations (21) and the average
reproductive rate (i.e., timescale of one generation) of a uni-
cellular alga is in the order of one vegetative cell division per day
at 20 °C (34). For comparison, we also undertook the analysis for
50, 150, and 250 d. In each analysis, the thermal history of a
microbial population is therefore between 50 and 500 d, with
only one cell of each generation needing to survive and re-
produce. There are two implications of advection: (i) that during
its path, a microbial genotype that undergoes a temperature shift
beyond its upper or lower thermal limit may be adversely im-
pacted because of a shortfall in physiological plasticity or in-
ability to produce phenotypes across multiple environments (i.e.,
is a thermal specialist); and (ii) that a microbe retrieved from the
ocean is adapted not for the local environmental circumstance,
but rather to the circumstances experienced during its upstream
trajectory (while noting that microbes in some regions of the
global ocean undergo mainly zonal rather than meridional
transport, and therefore experience more limited thermal fluc-
tuations). Here, we will show what impact this may have on the
thermal life strategy of ocean microbes.
Our results demonstrate that virtual microbes are advected up
to 3,500 km in latitude in 500 d, with particles that arrive in the
extensions of the western boundary currents in the subtropics
having moved the greatest distances (Fig. 1A; see Fig. S3 for
other measures of drift distance). As expected, the longer the
time frame, the greater the range of temperature experienced
(Fig. S4). However, our analysis also reveals that in some regions
(e.g., eastern Pacific, eastern Indian, Benguela, and Canary
Upwellings) the thermal exposure is higher in a Lagrangian
compared with Eulerian frame, at all time scales analyzed (Fig.
S4). This advection means that the distribution of different mi-
crobial genotypes (and phenotypes within species) spans a large
range, and that the temperature experienced by drifting microbes
can be significantly different from simple location-specific pre-
dictions, with microbes arriving in the extensions of the western
boundary currents exposed to an average temperature up to 6 °C
warmer than the local in situ temperature (Fig. 1B). In contrast,
microbes on the northern flank of the Antarctic Circumpolar
Current have an average temperature exposure of up to 6 °C
colder than the local in situ temperature. Both these offsets can
be explained by advection in ocean currents. Western boundary
currents transport tropical microbes poleward, so that their
mean temperature exposure is higher than the local latitudinally
predicted in situ temperature. In contrast, the Ekman transport
in the Antarctic Circumpolar Current pushes polar microbes
toward the equator, and consequently their mean temperature
exposure is lower than the local in situ temperature.
Given that the rates and modes of acclimation or adaptation
for biota are determined not by average environmental condi-
tions, but by the extent of environmental variability (35, 36)
(along with longevity, life-history, and other traits), our Lagrangian
analysis also reveals that the temperature fluctuation for microbes
along a 500-d trajectory (Fig. 2B) can be significantly different from
the in situ Eulerian temperature range (i.e., compared with if they
didn’t move) (Fig. 2A), suggesting that the realized thermal niche
(as well as geographic range) of microbial ecotypes may be
broader than currently estimated. Fig. 2C shows that the tem-
perature fluctuations experienced by 500-d advected microbes
significantly exceed the annual range of temperature almost
everywhere, even in locations with strong seasonality (e.g., North
Atlantic Ocean). Thermal variability is up to 10 °C higher for
microbes in an ∼10° latitudinal band from 40°S to 50°S in the
Southern Ocean and the North Atlantic, and up to 4 °C in the
tropics and on the eastern sides of the subtropical gyres. Anal-
yses over shorter time frames reveal greater patchiness, with
smaller differences in thermal exposure between fixed and
moving particles (Fig. S4). Nonetheless, the intergenerational
exposure of microbes over 500 d indicates that thermal histories
of microbes exceed seasonal ranges by 10 °C in some locations, a
result that revises our present view of thermal exposure in the
surface ocean, and suggests that for the majority of ocean loca-
tions, projected changes in thermal regimes are within the range
of temperatures already experienced by drifting microbes. We
therefore anticipate this result will shift current thinking about
risks of ocean warming and that consideration of drift trajecto-
ries will advance understanding of direct temperature effects on
microbes and other plankton. Because all enzymatic rates are
affected by temperature, thermal tolerance of advected organ-
isms is not lineage-specific, and likely involves genome-wide
changes, with growth in a new thermal regime requiring main-
tenance of critical cellular processes. Furthermore, for microbes,
temperature adaptation is distinct from adaptation to other en-
vironmental variables, whereby a horizontally transferred gene
or operon could allow acquisition of new resources (10).
Combining the distance traveled with the fluctuation in tem-
perature along microbial trajectories, we then build a global view
of microbial habitats in the surface ocean. Fig. 3 shows that
microbes arriving in the low latitudes are advected long distances
(>1,240 km of latitude in 500 d, the global median) but experi-
ence relatively low thermal variation (<6.5 °C, the global median
of temperature range). Similarly, microbes south of the Antarctic
Circumpolar Current in the Southern Ocean experience low
thermal variation but travel relatively short distances, as they
mostly get recirculated in the Ross and Weddell gyres. However,
in most of the mid latitudes, temperature variability is relatively
high (>6.5 °C), with microbes having the potential to travel more
than 1,240 km in 500 d. Evidently, microbes experience both
heating and cooling along their trajectories (Fig. S5) at variable
rates, depending on their location (Fig. S6). Across the 2.9
million trajectories in our study, the most rapid heating and























cooling (at more than 4 °C per day, sustained over a 5-d period)
was for microbes arriving in the North Atlantic (Fig. S7), with a
strong spatial agreement between regions of strong air–sea heat
fluxes (37) and rapid cooling and warming. To our knowledge,
there have been no experiments to date that examine fitness of
microbes under such rapid, but transient, temperature changes.
Discussion
The thermal trajectories of microbes do more than contextualize
the projected 2–4 °C rise in mean ocean temperature during the
next century. Our results reshape the present view of temperature
experienced by upper-ocean microbes, indicating that realized
thermal niches are wider than previously thought. Furthermore,
the along-trajectory temperature exposure of microbes has im-
portant implications for microbial life strategies and the assembly
of microbial communities. Drifting communities experiencing
large variations in temperature are under selection to be plastic
(genotypes produce variable phenotypes in response to envi-
ronmental conditions) or generalists (entrained genotypes produce
invariable phenotypes over multiple environments), resulting in
broad thermal tolerance compared with communities from
stable environments that are more likely to be thermal specialists
(36, 38). Based on empirical evidence from laboratory experi-
ments, plasticity in an ancestral population is a good predictor of
eventual evolutionary responses in subsequent generations, sug-
gesting that populations in fluctuating environments are also more
adaptable (35).
Although there have been previous studies of microbes using
Lagrangian floats and profilers (39–41), to our knowledge this is
the first to provide a spatially explicit understanding of temper-
ature exposure of pelagic microbes in the context of plastic and
evolutionary responses to contemporary ocean change. Our
analysis shows that the proportion of the global ocean showing
greater thermal exposure of drifting versus stationary microbes
increases with time (Fig. S4). At 500 d, there are only a few lo-
cations (e.g., Southern Ocean centered around 60°S, north-
western Pacific, and Atlantic) that show more limited thermal
exposure of microbes in a Lagrangian compared with Eulerian
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Fig. 1. Advection of microbial genotypes by ocean currents. (A) The average meridional (latitudinal) distance traveled by 500-d microbial genotypes. Al-
though microbes can be advected for thousands of kilometres in the global ocean, they are most likely to experience changes in temperature through
meridional rather than zonal (longitudinal) transport. (B) The offset between the along-trajectory average temperature experienced by the microbes as they
traveled for 500 d and the local temperature at each grid location. The poleward flowing western boundary currents carry microbes that have provenances in
much warmer water than where they are found. In contrast, microbes on the northern flank of the Antarctic Circumpolar Current originate from the cold
water close to Antarctica and have been carried northward by the Ekman transport.
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Fig. 2. Analysis of the temperature variability experienced by microbes. (A) The average range of temperatures (difference between minimum and maxi-
mum) experienced by microbial genotypes over 500 d if they did not move (i.e., were “Eulerian microbes”). The largest variability, up to 20 °C, is seen in the
northwestern Pacific and Atlantic Ocean. (B) The average range of temperatures experienced by Lagrangian microbes along their 500-d trajectories. (C) The
difference between B and A, showing in red/blue the regions where microbes carried by currents experience greater/lesser temperature variability compared
with stationary microbes.























frame (Fig. 2). It also reveals that thermal trajectories are
complex (Fig. S6); they don’t monotonically increase or decrease;
rather, they fluctuate, some with high variability and others with
low variability (Fig. 3). Thus, as microbes are transported through
this variable seascape, they are effectively under selection because
populations must be able to deal with temperature fluctuation: if it
exceeds their capacity, they die. We make no assumptions about
other losses (e.g., grazing) or whether cooling or warming thermal
histories (represented as skewness in Fig. S5) results in better
outcomes with respect to microbial fitness, only that if a pop-
ulation has dealt with temperature variability in the past, then it
has a greater capacity to deal with future temperature change.
Tolerance of temperature variability in microbial populations
arises through constituent genotypes being plastic or because
entrained microbial genotypes produce phenotypes across multiple
environments (i.e., are generalists). Both mechanisms could operate
to shape microbial communities and would apply to phototrophs,
grazers, and other plankton drifting in the surface ocean, provided
they remain suspended in the upper mixed layer.
Considering that numerical models are resolving planktonic
community composition by the representation of microbial traits
or ecotypes (42), Fig. 3 therefore suggests the global ocean can
be partitioned into thermal generalist (plastic with relatively high
evolutionary potential) versus thermal specialist selection re-
gimes (high vs. low temperature fluctuations, respectively), and
hence provide a guide for where microbial communities will be
most or least stable in the future. Given the distinct thermal
optima of polar versus tropical microbes (7), the global ocean
could be further partitioned on the basis of variation around
different mean temperatures, yielding low/high temperature
specialists/generalists (Table 1). Studies on macroscopic marine
biota indicate that organisms with broad temperature tolerance
are more likely to establish in new habitats (43), suggesting that
temperature generalists may become more prevalent in regions
influenced by strong ocean currents. A good example of this is in
western boundary currents, which are intensifying and increasing
their poleward extension with global warming (44). A corollary
of this is that thermal specialists with narrower thermal histories
are more vulnerable to temperature change.
Previous studies have compared the thermal responses of
microbial ecotypes according to the average temperature of their
isolation location (6, 7, 14), and concluded that some microbes
are at greater risk of reduced fitness under future ocean warming
because their thermal optima are closer to their habitat tem-
perature. This is because thermal response curves are asymmetric,
with a sharper decline in fitness at a supraoptimal temperature
compared with suboptimal temperature (6, 7). However, this study
indicates that microbes may experience large thermal fluctuations
because they are being advected in the ocean before they reach
their potential isolation location, suggesting that estimates of mi-
crobial fitness in a future ocean need to consider not only the
direction, asymmetry, and magnitude of temperature variation
from the thermal optimum, but also the time scale of tempera-
ture excursions. Given that in vitro evolution experiments in-
dicate more plastic individuals evolve more (35), our analysis
provides a framework to test whether natural communities of
microbes in the mid latitudes (Fig. 3) have greater plasticity and
evolutionary potential versus communities from the low and high
latitudes. Studies on the mechanisms promoting diversity of mi-
crobes in the ocean (45, 46) show some consistency with our
analysis, supporting the notion that to understand the assembly of
communities at the local scale, it is not enough to understand local
resource availability; we must account for transport of pop-
ulations. Furthermore, this Lagrangian perspective of planktonic
















Low variation & short distance (29%)
Low variation & long distance (25%)
High variation & short distance (21%)
High variation & long distance (25%)
Fig. 3. Thermal variability and transport distance of microbes in the ocean. Locations are partitioned based on median temperature range (6.5 °C) and
median meridional travel distance (1,240 km) to reflect the magnitude of variation in temperature and distance traveled by microbes advected for 500 d. Map
constructed using 2 × 2° grid cells as in the global ocean circulation model.
Table 1. Ocean regions that show low/high average temperature with relatively low/high variation in temperature
Temperature variation Low mean temperature High mean temperature
Low temperature variation High latitude southern hemisphere:
low temperature specialists
Tropics: high temperature specialists
High temperature variation High latitude northern hemisphere:
low temperature generalists
Western boundary currents: high temperature generalists
5704 | www.pnas.org/cgi/doi/10.1073/pnas.1521093113 Doblin and van Sebille
thermal exposure suggests that ocean warming not only has a di-
rect impact on microbes by influencing metabolism and growth,
but also through changes in ocean circulation, which could lead
to new transport corridors and the potential for novel thermal
trajectories.
Materials and Methods
The OFES model (47) is an eddy-resolving model based on the MOM3 ocean
code and forced with National Centers for Environmental Protection winds.
It has a 1/10° horizontal resolution and 54 vertical levels and spans the global
ocean from 75°S to 75°N, and is available on 3D resolution from 1980 to
2010. Virtual microbes were released at 10-m depth every month for the
years 1981–2007 on a 2° × 2° regular grid, yielding a total of 2.9 million
particles. These particles were then tracked backward in time using the
Connectivity Modeling System v1.1 (28). The Connectivity Modeling System
has been extensively tested and widely applied in oceanographic and bi-
ological studies (30, 31). In particular, its trajectories have been explicitly
validated in the tropical Pacific (29). The virtual microbes were advected
using only the horizontal velocity fields, and thus did not change depth over
the integration. Both the geographical and local sea-surface temperature
information was stored on daily temporal resolution. Maps were produced
using the average of the 360 particles released at each grid location.
The temperature variation along trajectories was described by computing
the average, range, variability, and skewness of local sea-surface temperature
experienced along their trajectories by microbes arriving in each grid cell.
These along-trajectory temperatures (Lagrangian temperatures) could then
be compared against the average, range, and variability of the temperature
within the grid cell (Eulerian temperatures). Distance traveled was also cal-
culated by computing the path length over the daily locations from the start
and end location of the trajectory.
To visualize a subset of relevant thermal trajectories (Fig. S6), we used the
isolation locations of strains in a global compilation of thermal performance
curves as our destination points (n = 85) (6). Average along-trajectory tem-
perature was plotted over time to illustrate thermal trajectories of virtual
microbes arriving to grid cells.
Examination of the range of temperature variation (i.e., difference be-
tween minimum and maximum temperature along each trajectory) and
distance traveled allowed us to partition the global dataset into grids con-
taining microbes that had experienced relatively high/low temperature
fluctuation along long/short transport distances. Our temperature and dis-
tance thresholds were chosen using the median values of thermal variation
and distance traveled. This process yielded a relatively even number of grid
cells split across all categories, but nevertheless highlights that in absolute
terms, microbes experience a large gradient in thermal variation when they
are transported variable distances in ocean currents.
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